Genomic and cDNA clones encoding a muscarinic acetylcholine receptor from Drosophila melanogaster have been isolated. Sequence analysis demonstrates that this gene encodes a receptor with a high degree of amino acid identity to the mammalian muscarinic acetylcholine receptors and has three introns in the portion of the gene encoding the third putative cytoplasmic loop. A full-length cDNA clone has been placed under the control of the mouse metallothionein promotor and transfected into mouse Y1 adrenal cells. The receptor expressed in these cells exhibits the high-affinity binding for the antagonists quinuclidinyl benzilate and atropine expected of a muscarinic receptor. The Drosophila muscarinic receptor, when expressed in Y1 cells, is physiologically active, as measured by agonist-dependent stimulation of phosphatidylinositol metabolism.
Muscarinic acetylcholine receptors (mAcChoRs) belong to a family of receptors which are involved in the activation of various signal transduction pathways through their interaction with guanine nucleotide-binding proteins (G proteins) (1) . These receptors, which include the five subtypes-of mammalian mAcChoR (2) (3) (4) (5) (6) (7) (8) (9) , the adrenergic receptors (10, 11) , and the opsin pigments (12) , share a predicted seven transmembrane domain structure with highly conserved amino acid sequences, especially within certain transmembrane regions. The region of least identity occurs in a proposed cytoplasmic loop located between the fifth and sixth transmembrane regions, which has been suggested to be involved in the interaction of the receptors with specific G proteins (13, 14) . Experiments using point and deletion mutations and chimeric receptors indicate that the membrane-proximal portions of this loop most likely determine the specificity of functional coupling (15) (16) (17) (18) .
Acetylcholine is believed to be a major excitatory transmitter in the central nervous system of insects (19) . Many of the components involved in cholinergic transmission in Drosophila have been studied by using genetic and molecular biological approaches. Thus, mutations in both choline acetyltransferase and acetylcholinesterase have behavioral and physiological effects and can cause lethality (20) (21) (22) . The distribution of both proteins in the developing Drosophila nervous system has been determined immunocytochemically (23, 24) , and cDNA clones encoding both enzymes as well as nicotinic receptor subunits have been isolated (25) (26) (27) (28) (29) . In contrast, except for biochemical identification of mAcChoR binding sites (30) , little information is available as to the nature or specific subtypes of mAcChoR present in Drosophila or their location or function. In this paper we describe the isolation of cDNA and genomic clones encoding a Drosophila mAcChoR and demonstrate that the cloned Drosophila mAcChoR activates phospholipase C (PLC) when expressed in mouse cells. § The identification and localization of this gene will greatly facilitate analysis of the role of mAcChoR in insects and the biochemical and genetic dissection of its signal transduction pathway. MATERIALS AND METHODS Isolation of Molecular Clones. A genomic library from the wild-type Oregon R strain of Drosophila melanogaster (Lambda GEM-11; Promega) was probed with a mixture consisting of a nick-translated full-length cDNA clone encoding the pig m2 mAcChoR (5) and a nick-translated 1.8-kilobase (kb) Kpn I-BamHI genomic fragment of the mouse ml mAcChoR (9) . Filters containing the phage were hybridized under moderately stringent conditions (60'C, 6x SSC) and washed at 370C, lx SSC (lx SSC = 0.15 M NaCI/0.015 M sodium citrate, pH 7). DNAs from seven positive clones were isolated and mapped, and a 7.5-kb BamHI fragment found in five ofthe seven clones was subcloned in the plasmid vector pGEM-3 (Promega).
A Drosophila Oregon R head cDNA library constructed in Lambda Zap (Stratagene) was hybridized (650C, 6x SSC) with a nick-translated 510-base-pair (bp) Pst T fragment isolated from the 7.5-kb genomic BamHI/pGEM subclone followed by washing at 55°C in 0.5x SSC. DNA from the 4 out of 12 positive phage that yielded the strongest hybridization signals were analyzed by partial restriction mapping. The cDNAs from isolated plaques were converted into the plasmid form (pBSK) (9) and analyzed by using the LIGAND program (33) . The ability of carbachol to stimulate phosphatidylinositol (Ptdlns) breakdown and to alter forskolin-stimulated cAMP accumulation in intact cells was measured as described previously (9) . Proc. Natl. Acad. Sci. USA 86 (1989) from an Oregon R genomic library by using as a hybridization probe a combination ofa genomic DNA fragment encoding the mouse ml mAcChoR (9) and the porcine m2 mAcChoR cDNA (5). A 7.5-kb BamHI fragment was identified that strongly hybridized to the mouse DNA probe under moderate conditions. Partial sequence analysis and subsequent restriction mapping showed that this fragment encoded a protein with considerable amino acid similarity to the sixth and seventh transmembrane regions of the mouse ml mAcChoR but that the region between the 5th and 6th transmembrane regions was exceptionally long relative to the predicted products of previously isolated mAcChoR genes, suggesting the presence of an intron (or introns) in the third cytoplasmic loop. A Drosophila head cDNA library was then screened with a 510-bp genomic Pst I fragment encoding transmembrane regions two through five. DNA from four positive clones was isolated and partially sequenced. Two clones were shown, by sequence comparison and restriction analysis, to contain the entire coding region of a Drosophila mAcChoR. Southern blot analysis using the 510-bp genomic Pst I fragment as probe at moderate stringency (hybridization at 600C, 6x SSC, followed by washing at 370C, 1 x SSC) shows a single strongly hybridizing band, suggesting that this mAcChoR is encoded by a single-copy gene (data not shown). A few weakly hybridizing bands were observed which may represent either other subtypes of Drosophila mAcChoR or other members of the G-protein-coupled receptor gene family.
RESULTS

Isolation
The amino acids as shown in Fig. 1 . Further restriction mapping and partial sequencing of the genomic DNA confirmed the presence of three introns in the third putative cytoplasmic loop. A restriction map delineating the location of the introns and the nucleotide sequences of the intron-exon borders is shown in Fig. 2 . The amino acid sequence is remarkably similar to the sequence of mammalian mAcChoR receptors (Fig. 3) . The overall amino acid identities, excluding all of the highly variable third cytoplasmic loop except for 20 amino acids on each side, to the mammalian ml, m2, m3, m4, and m5 receptors are 45-50%. It has been suggested that the membrane-proximal portion ofthe third cytoplasmic loop closest to the fifth putative transmembrane region plays a key role in determining the functional specificity of the mAcChoR (14) . Within these 20 amino acids in the third cytoplasmic loop, the amino acid identity is 25% and 15% for m2 and m4, respectively, and 45%, 50%, and 60o for ml, m3, and m5, respectively.
Localization of Drosophila mAcChoR Gene by in Situ Hybridization. Drosophila salivary gland chromosomes were hybridized to a biotinylated 7.5-kb genomic BamHI fragment containing the Drosophila mAcChoR gene. Hybridization was observed at only one location (Fig. 4) , on chromosome 2R at band 60C7,8. No hybridization was seen when a 3.1-kb genomic DNA fragment encoding the mouse ml mAcChoR (9) was used as a control for the specificity of hybridization.
Expression and Ligand Binding in Transfected Cells. We have previously shown that the mouse Y1 adrenal carcinoma cell line does not express detectable levels of endogenous mAcChoR and that clones encoding both the mouse ml and porcine m2 mAcChoR can be expressed in these cells with functional coupling either to activation of PLC or inhibition of adenylate cyclase, respectively (9) . We expressed the Drosophila mAcChoR gene under the control of the zincinducible metallothionein promotor in Y1 adrenal cells using the expression vector ZEM228 (9 Physiological Responsiveness of the Expressed Receptor in Y1 Cells. The mAcChoR subtypes couple to at least two distinct second messenger pathways: activation of mammalian m2 and m4 results in inhibition of adenylate cyclase activity; activation of ml, m3, and m5 results in increases in membrane phospholipid turnover due to activation of PLC and phospholipase A2, although the functional specificity can depend on both cell type as well as the levels of receptor 10 pmol/mg), as has been previously observed in response to the activation of the mammalian ml, m3, and m5 mAcChoR subtypes (7, 9, 34) .
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Thus, these results suggest that the Drosophila mAcChoR gene isolated is structurally and functionally most similar to the mammalian ml, m3, and m5 subtypes. We will refer to it as the Drosophila ml (Dml) mAcChoR.
DISCUSSION
Genomic and cDNA clones encoding a Drosophila mAcChoR were isolated by hybridization at moderate stringency Iytene chromoto a mouse genomic clone of the ml and a porcine cDNA vas biotinylated clone of the m2 mAcChoRs. The deduced amino acid ses.The region of quence is very similar to the sequences of all five mammalian it band 60C7, 8. mAcChoRs in the putative transmembrane domains and has a particularly high level of identity to the ml, m3, and m5 . similariy . subtypes in the membrane-proximal portions of the third ice smlilarlty cytoplasmic loop (Fig. 3) (9) . No types are coupled to specific intracellular second messenger systems.
In contrast to all the mammaliam mAcChoR genes described to date, the Drosophila ml mAcChoR contains introns in the coding region of the gene (Fig. 2) . The intron/ exon boundaries of the three introns and the internal intron signals are consistent with those reported by Keller and Noon (41) , with two exceptions. In the case of intron 1, there are two possible internal splice sequences that are consistent with previously reported intron sequences; in the case of intron 2, the conserved (C/A)AG normally found at the 3' end of the exon is displaced one nucleotide from the splice site.
Elucidation of the role of mAcChoRs in the development of the nervous system and in behavior would be greatly aided -4 -3 by the use of a system with well-characterized genetics, developmental biology, and neurobiology. The study of genetic neurobiology has been greatly facilitated by the idenietabolism by tification and isolation of genes which affect behavior. In e35-mm plates treated as deDrosophila, mutations such as dunce (42) The identification of the Drosophila mAcChoR gene and its precise cytogenetic localization should permit a genetic dissection of the physiological role of this mAcChoR. Null mutations, in combination with the reintroduction of altered mAcChoR genes into the Drosophila germ line or into Drosophila tissue culture cells, should allow functional domains of the Drosophila mAcChoR to be defined in vivo. The availability of the cloned Drosophila mAcChoR gene will also allow both determining the precise tissue-specific expression during development and testing the effects of altered receptor expression on the behavior of the whole organism.
